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emissions. Soil fluxes were measured under controlled laboratory conditions utilizing an 23 enriched stable Hg isotope tracer buried at 0, 1, 2 and 5 cm below the surface. Under dry 24 and low-light conditions, the Hg isotope tracer buried at the different depths participated 25 similarly in surface emissions (median flux: 7.5 ng m -2 h -1 ). When the soils were wetted, 26
Hg isotope tracer emissions increased significantly (up to 285 ng m -2 h -1 ), with the highest 27 fluxes (76% of emissions) originating from the surface 1-cm amended soils and 28 decreasing with depth. Mercury associated with sandy soil up to 6 cm below the surface 29 can be emitted, clearly demonstrating that volatilization can occur via processes unrelated 30 to sunlight. These results have important implications for considering how long older, 31 legacy soil Hg contamination continues to cycle between soil and atmosphere. 32 33
INTRODUCTION 34
The flux of gaseous elemental mercury (Hg) from soils to the atmosphere is an important 35 component of the global mercury cycle, and acts as a control on the accumulation of Hg 36 in soils. 1 Soil Hg is typically oxidized (e.g. Hg 2+ ) and bound to organic matter with 37 emissions being a function of reduction to Hg 0 and its transport and flux from the soil. 
38
The magnitude of surface-air fluxes is often significantly correlated with several physical 39 and chemical variables, including: incident solar radiation, soil Hg concentration, 40 temperature, soil moisture, soil disturbance, soil texture, mineralogy, air Hg and oxidant 41 concentrations, and atmospheric turbulence.
3-7

42
Mercury emissions are typically higher during the daytime than at night and are 43 usually strongly correlated with variations in meteorological factors. 8 Controlled 44 laboratory experiments have confirmed the importance of solar radiation (particularly in 45 the UV range 410-700 nm) in promoting the photo-reduction of Hg 2+ to Hg 0 and 46 subsequent emission. 7,9-11, During night/dark conditions, some studies have shown that 47
Hg emissions cease or change direction toward net deposition. 4, 8 While nighttime fluxes 48 are usually lower than daytime, significant Hg emissions can occur during dark/low-light 49 conditions and be an important contributor to the overall magnitude of diel emissions. 
53
Given that solar radiation cannot penetrate beyond the surface, possibly only the 54 very top of the soil column can supply Hg for emission via photo-reduction. 10, 13, 14 To 55 4 sustain emissions over time for radiation-driven fluxes, the surface layer must be 56 replenished from above (e.g. wet/dry deposition) and/or below the soil interface. The 57 potential for sub-surface transport and subsequent emission is not well understood, but 58 has important implications for the mobility of the large pool of terrestrial Hg that occurs 59 below fresh/partially decomposed litter. 15 Recent studies have suggested that sub-surface 60
Hg transport contributes to surface emissions; however there remain important questions 61 regarding the depth over which these processes operate and the variables controlling their 62 release.
16,17
63
In field and laboratory studies, soil Hg emissions often increase in response to 64 rain events/surface wetting. 6, [18] [19] [20] Possible mechanisms for this phenomenon include 65 physical displacement of Hg in interstitial soil air, Hg release from soil due to 66 competition for binding sites by polar water molecules, and preferential photo-reduction 67 of soluble pore water Hg 2+ to Hg 0 . [20] [21] [22] [23] Mercury dissolved in soil water may also be 68 transported vertically toward the surface via capillary forces, particularly as the soils 69 dry. 7, 17, 19, 20 The extent over which vertical Hg transport may occur and then participate in 70 soil Hg fluxes could be better elucidated through tracer experiments, but no such research 71 has yet been undertaken. 72
In this study, we used an enriched stable Hg isotope tracer in laboratory 73 experiments to identify the susceptibility of soil Hg to emission in relation to the depth of 74 the Hg source in the soil column. This objective was investigated under both dry and wet 75 soil conditions. Understanding the extent to which soil Hg at different depths is able to 76 participate in surface emissions and continue to actively cycle environmentally, versus 77 being strongly sequestered by soil burial, is important for predicting ecosystem response 78 5 times to changes in anthropogenic Hg emissions. In each experiment, a series of Hg flux measurements were conducted over a 121
period of approximately one day on each mesocosm when soils were dry (n=3-4 for each 122 experimental replicate). Soils were then wetted to approximate field capacity by slowly 123 adding deionized water until droplets of water formed along the perforations on the 124 bottom of the soil mesocosm. Water was added over a perforated lid secured to the top of 125 the mesocosm container to simulate rainfall, although our rate of addition (a total of 2.5 l; 126 equivalent to 180 mm hr -1 ) was much higher than usually observed. A piece of nytex 127 mesh was placed directly onto the surface of the soil to reduce the velocity of water 128 droplets and to better disperse droplets such that wetting was even and imparted as little 129 physical disturbance to the soil surface as possible. 28 Gaseous Hg emissions were measured using a cylindrical Teflon dynamic flux chamber 157 (0.036 m 2 footprint, 6.5 cm height, 2.0 litre volume, with 1 cm diameter inlet holes every 158 2.5 cm around the perimeter and a 5 cm wide bottom flange) 5 placed directly on the 159 surface of the soil mesocosms. Gold traps, utilizing gold-coated silica beads, were used to 160 accumulate Hg in air. We simultaneously sampled air from two locations using two 161 different gold traps: immediately adjacent to one of the flux chamber's perforated side 162 inlets (using a retort stand to hold the inlet line in place) and from the outlet port at the 163 top of the flux chamber ( Figure 1 ).
13 Air sampling pumps were utilized to draw air 164 through the gold traps at a rate of 1.5 l min -1 . A bubble flow calibrator was used to verify 165 this flow rate before and after every measurement. The Hg flux was calculated as: 166
where F is the Hg flux (ng m −2 h −1 ), Q is the chamber flushing flow rate (m 3 h −1 ), C 0 is the 168 air Hg concentration measured at the outlet (ng m −3 ), C i is the Hg concentration measured 169 at the inlet, representing the amount of Hg flowing into the chamber's inlet holes, and A 170 is the footprint area of the chamber (m 2 ). 171
Measurement durations ranged from 30-120 minutes; shorter durations were used 172 to rapidly collect several flux measurements under stable conditions (i.e. blanks, dry 173 fluxes) while longer durations were used to characterize flux response to wetting. 174
Chamber blank measurements were made prior to each experiment to verify the 175 cleanliness of the flux chamber (the flux chamber was soaked in 10% nitric acid and 176 10 rinsed thoroughly following each experiment). Chamber blank measurements were made 177 over clean polycarbonate film laid on top of the experimental soil. Similar to other 178 studies, chamber blank fluxes were low (0. 
229
Where analyzed samples from the gold traps and soil sections (for ambient and tracer Hg) 230 were below the practical detection limit of the analysis methodology, a value of zero was 231 assigned. Statistical tests were carried out using the RStudio package.
34 Non-parametric 232 statistical methods were used throughout the paper because the data were not normally 233 other than photo-reduction. As indicated by other studies, we expect that emissions from 254 the surface amended soil layer would have been much larger than subsurface emissions if 255 our mesocosms were exposed to higher levels of solar radiation. originated should not be inferred from the data. Instead, the ambient data represents the 263 variability in flux measurements that occurred throughout the experiment that is un-264 related to the tracer Hg addition to the soil. Overall, the ambient data showed that 265 conditions were relatively stable throughout the experiment. 266
Since we maintained low-light conditions throughout our study, and observed Hg 267 emissions from sources at depths much greater than light penetration (up to 5 cm below 268 the surface), it is likely that a non-light related mechanism was occurring. These results 269 differ from Quinones and Carpi (2011) 16 which focused on much shallower soil depths 270 and higher light conditions and concluded the light may continue to drive emissions to a 271 depth of 0.4 cm below the surface. 
3.2.
Mercury fluxes following wetting of dry soil 300
In our wet soil experiments, fluxes of ambient Hg following wetting showed no distinct 301 trends associated with the depth of tracer Hg amended soil (p = 0.141, Figure 2A ). Tracer 302
Hg fluxes were similar across experiments prior to wetting, but fluxes increased 303 substantially when soils were wetted to field capacity, with the largest fluxes observed 304 post-wetting, when soils began to dry ( Figure 2B, 3) . Peak shape and timing agree well 305 16 with observations from other studies investigating ambient Hg fluxes. 7, 17, 19, 25 Our 306 observations of peak Hg fluxes at soil moisture contents of 22-31% during drying 307 suggests that emissions are likely favored at soil moisture contents slightly less than field 308 capacity (mean of 28% in this study). These patterns were particularly evident for the 0 309 cm and 1 cm amended experiments, which showed similar timing responses to one 310 another although the magnitude of the flux was considerably less for the 1 cm amended 311 
18
Hg emissions is likely dependent on the degree to which the soil moisture is increased. 342
For example, studies with relatively low soil moisture contents (<20%) have shown 343 strong correlations with emissions;
19 whereas studies in wetter soils such as ours do not 344
show this correlation, due to flux suppression at the highest moisture levels. 17 Flux 345 suppression at saturated soil contents is thought to occur due to water filling the soil pore 346 spaces and reducing gas exchange with the atmosphere 19, 41 . It is clear from our data and 347 others that a singular relationship between a particular soil moisture content and Hg flux 348 does not exist. Rather, the increase in flux is related to a particular change in soil 349 moisture (i.e., drying out), and thus potentially either to changes in soil water tension or 350 evaporation. This is somewhat in line with a hypothesis forwarded by Bahlmann et al. Measurements of tracer Hg in soil after the moisture experiments showed that 366 there was no significant migration above or below the layer where it was placed (Figure  367 5). The relatively small and highly variable pools found in the layers immediately above 368 our 2-cm and 5-cm experiments most likely represent inadvertent mixing of layers when 369 sampling. We caution that our use of deionized water as input to the experiments differs 370 from natural rainwater, and that this may affect the dissolution and transport of 371 subsurface Hg though it is likely that a percolating soil solution would quickly gather 372 ligands from the soil matrix. Still, it is important to note that outside of the surface tracer 373 experiment, we observed no accumulation of tracer at the surface from any of the other, 374 more deeply applied tracer experiments. Therefore our results do not show that Hg is 375 transported from deeper in the soil profile and accumulated at the surface to fuel longer-376 term reduction and emissions, but rather that the transport mechanism occurs over a short 377 originated should not be inferred from the data. Instead, the ambient data represents the 530 variability in flux measurements that occurred through the experiment that is un-related 531 to the tracer Hg addition to the soil. Overall, the ambient data showed that conditions 532 were relatively stable throughout the experiment. 533 
